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Adaptive Immunity-Dependent Intestinal Hypermotility Contributes
to Host Defense against Giardia spp.
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Humans infected with Giardia exhibit intestinal hypermotility, but the underlying mechanisms and func-
tional significance are uncertain. Here we show in murine models of giardiasis that small-intestinal hyper-
motility occurs in a delayed fashion relative to peak parasite burden, is dependent on adaptive immune

defenses, and contributes to giardial clearance.

Infection with Giardia lamblia is one of the most common
causes of diarrheal disease worldwide (22). This protozoan
pathogen colonizes the small intestine and can attach to the
epithelium but does not invade the mucosa. Infections are
normally self-limiting, since immunocompetent hosts can con-
trol and typically eradicate G. lamblia, a process that involves
CDA4 T cells and the generation of secretory immunoglobulin A
(IgA) and other, poorly understood effectors (6, 8, 9, 18).
Despite the frequently severe clinical symptoms, diarrhea, ab-
dominal pain, malabsorption, and weight loss, infection is not
accompanied by significant mucosal inflammation (12). These
observations suggest that inflammatory mediators may not be
important for parasite-induced diarrhea, although the mecha-
nisms governing diarrhea in giardiasis are poorly understood.
Giardia has not been shown to release enterotoxins that might
account for the disturbance of intestinal fluid absorption or
secretion. A reduction in absorptive surface due to a loss of
epithelial microvilli occurs upon Giardia infection in mice (16),
which could lead to osmotically driven diarrhea associated with
malabsorption, but the absolute surface reduction is modest
compared to the predicted anatomical reserve of the small
intestine. Humans infected with G. lamblia exhibit signs of
intestinal hypermotility upon radiological examination (15), a
phenomenon also observed in experimentally infected Mongo-
lian gerbils (5). The underlying mechanisms and functional
significance of these findings are presently unclear. Therefore,
the goal of the present study was to test the hypothesis that
intestinal hypermotility represents a host defense mechanism
against Giardia, using murine models of giardiasis.

Adult C57BL/6, SCID, and neuronal nitric oxide synthase
(nNOS)-deficient mice were obtained from The Jackson Lab-
oratory (Bar Harbor, ME). For infections with Giardia muris,
cysts were purified by sucrose flotation, counted in a hemocy-
tometer under a phase-contrast microscope, and given by oral
gavage in water at 10* cysts/mouse in 0.2 ml (9). For G. lamblia
infections, trophozoites of the GS/M strain (ATCC 50580) (11)
were grown in TYIS-33 medium and given by oral gavage at
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107/mouse in 0.2 ml of the same medium (9). Small-intestinal
motility was determined by a modified test meal method. Mice
were fasted overnight and given 0.2 ml of a suspension of 10°
fluorescent polystyrene beads (10-pm-diameter Fluoresbrite
YG carboxylate microspheres; Polysciences, Inc., Warrington,
PA) (19) and 6% carmine dye in 5% gum arabic in phosphate-
buffered saline (PBS). After 20 min, the small intestine was
removed rapidly, and the position of the carmine dye front and
the entire length of the small intestine were recorded. The
intestine was then divided into eight equal-sized pieces, each of
which was opened longitudinally, placed into 2 ml PBS, and
cooled on ice for 10 min. The mixtures were shaken vigorously
to detach the trophozoites and beads, which were then counted
separately by using phase-contrast and fluorescence micro-
scopes, respectively. The distance traveled by the carmine dye
front was expressed as a percentage of the entire length of the
small intestine. Bead numbers per segment were expressed as
a percentage of the total number of beads in the small intes-
tine. To assess the consequences of inhibiting small-intestinal
motility on giardial clearance, mice were first infected orally
with G. muris or G. lamblia GS/M and treated by oral gavage
every other day, beginning on day 7 or day 4, respectively, with
30 mg/kg loperamide or with PBS as a control. Small-intestinal
trophozoite numbers were determined on day 21 for G. muris
and on day 9 for G. lamblia.

To determine whether normal adult mice are a suitable
model for studying the role of intestinal motility in controlling
giardial infection, we infected 8- to 10-week-old C57BL/6 mice
with cysts of the naturally occurring murine pathogen G. muris.
Small-intestinal motility was determined by a test meal method,
using carmine dye as a liquid phase marker (14) and 10-pm
polystyrene beads as a marker of particulates comparable in
size to Giardia trophozoites (19). Infection with G. muris ac-
celerated small-intestinal transit, since the fronts of both car-
mine dye (Fig. 1A) and polystyrene beads (Fig. 1B) had trav-
eled significantly farther in infected mice than in uninfected
controls. A time course analysis of this phenomenon revealed
that hypermotility occurred within a week after infection but
peaked at 2 to 3 weeks, at a time when trophozoite numbers
were decreased compared to the numbers at the time of max-
imal infection at 1 week (Fig. 1A). Thus, the maximal changes
in small-intestinal motility were delayed relative to the peak in
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FIG. 1. G. muris infection of wild-type mice induces small-intestinal
hypermotility. (A) Adult C57BL/6 mice were infected orally with 10* G.
muris cysts (weeks 1 to 4) or left uninfected as controls (week 0). At the
indicated times after infection, small-intestinal motility (@) and tropho-
zoite load (O) were examined. Motility data are shown as the distance
traveled by a carmine dye-containing test meal relative to the length of the
entire small intestine over a 20-min period. Values are means =+ standard
errors of the means (SEM) of results for four to seven animals. Asterisks
represent a significant (P < 0.05, ¢ test) increase in motility relative to
uninfected controls. (B) Mice infected for 2 weeks with G. muris (empty
bars) and uninfected controls (filled bars) were given a test meal contain-
ing 10-pm fluorescent polystyrene beads, and bead transit was assessed
after 20 min. Bead numbers in each of eight equally sized small-intestinal
segments (which are numbered in order from proximal duodenum to
distalileum) are given as percentages of the total number of beads in the
small intestine. No significant difference was found between the numbers
of residual beads in the stomachs of uninfected and infected mice
(142% = 5.7% versus 18.5% = 3.4%, respectively). Values are means *
SEM for six to seven animals. Asterisks represent a significant (P < 0.05,
t test) increase relative to uninfected mice.

the trophozoite burden, suggesting that these changes may be
caused by a mechanism other than direct giardial stimulation.

This finding is reminiscent of reports of Giardia-induced loss
of intestinal epithelial microvilli in which the host adaptive
immune response was found to be responsible (16, 17). To
evaluate whether similar mechanisms may be involved in caus-
ing small-intestinal hypermotility, we evaluated mice with se-
vere combined immunodeficiency (SCID mice). These mice
lack functional T and B cells due to a defect in the catalytic
subunit of DNA-dependent protein kinase, PRKDC, which is
required for normal V(D)J recombination, and cannot eradi-
cate Giardia (9, 18). G. muris infection of SCID mice did not
alter small-intestinal transit, which contrasted sharply with the
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FIG. 2. Dependence of intestinal hypermotility on intact T- and
B-cell functions. Adult C57BL/6 (wild-type [WT]) and SCID mice were
infected orally with G. muris cysts or left uninfected as controls, and
small-intestinal motility (A) and trophozoite numbers (B) were eval-
uated 2 weeks after infection. Values are mean + SEM for four to six
animals. The asterisk designates a significant increase (P < 0.05, ¢ test)
relative to uninfected controls.

observations in the immunocompetent controls (Fig. 2). These
results indicate that giardiasis-associated small-intestinal hy-
permotility was dependent on the induction of a normal adap-
tive immune response to the pathogen.

To test whether the observed small-intestinal hypermotility
contributed to the clearance of Giardia, we treated mice with
loperamide, a drug that inhibits intestinal transit by activating
p-opioid receptors in the gastrointestinal tract (2, 13, 21). Drug
treatment was started at the time of peak G. muris infection
(day 7) to ensure that pharmacologically induced changes in
motility would not interfere with the initial establishment of
the infection. The inhibition of small-intestinal motility by lo-
peramide markedly compromised giardial clearance, with 25-
fold-higher trophozoite numbers in loperamide-treated mice
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FIG. 3. Pharmacologic inhibition of intestinal motility compro-
mises giardial clearance. Adult C57BL/6 mice were infected orally with
10* G. muris cysts or with 107 G. lamblia GS/M trophozoites. After 7
days (G. muris) or 4 days (G. lamblia), mice were given loperamide
(Lop) or PBS orally every other day. Trophozoite numbers in the small
intestine were determined at the indicated times after infection. Val-
ues are means * SEM for eight to ten animals. *, P < 0.05, as
determined by ¢ test.
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FIG. 4. Mice lacking nNOS exhibit decreased gastrointestinal tran-
sit and increased susceptibility to Giardia infection. (A) Adult mice
deficient for nNOS (nNOS™/7) and their wild-type littermate controls
(WT) were tested for gastrointestinal motility using a carmine dye test
meal. Values are means = SEM for at least three animals. *, P < 0.05
(¢ test), relative to the results for wild-type mice. (B) Mice were in-
fected orally with 107 trophozoites of G. lamblia GS/M, and tropho-
zoite numbers in the small intestine were determined at the indicated
times after infection. Values are means = SEM for three to four
animals. *, P < 0.05, relative to the counts on day 4.

than in PBS-treated controls at 21 days (Fig. 3). Loperamide
treatment had no effect on the development of adaptive im-
munity, since titers of antigiardial IgA in intestinal mucosal
secretions were not affected by the treatment (data not shown).
Furthermore, this experimental strategy revealed a similar in-
hibitory effect on murine infection with G. lamblia GS/M, a
human giardial pathogen that can infect normal adult mice
(3, 9). Mice treated with PBS had largely cleared the infection
by 9 days, while mice treated with loperamide from day 4
onwards continued to have significant numbers of G. lamblia
trophozoites in the small intestine (Fig. 3). Thus, inhibition of
small-intestinal motility compromised the clearance of Giardia
in the murine host, irrespective of the giardial species. As an
additional approach to determine the importance of intestinal
motility in antigiardial host defense, we used a genetic ap-
proach in which disruption of the gene for nNOS interferes
with effective propulsion in the intestine in mice (20). Motility
analysis confirmed that nNOS-deficient mice exhibited a con-
stitutive delay in gastrointestinal transit compared to their
wild-type littermates (Fig. 4A). In parallel, the knockout mice
failed to clear G. lamblia infection normally (Fig. 4B). Thus,
using pharmacologic and genetic approaches, we found that
decreased intestinal motility was associated with impairment of
host defense against Giardia.

Our study shows that intestinal hypermotility is an important
host defense against Giardia, a conclusion also reached in
another recent report (10). This defense appears to depend on
the development of a normal adaptive immune response
against the parasite, as it did not occur in mice lacking T and
B cells, although it is possible, in principle, that T or B cells
contribute to hypermotility independent of their role in adap-
tive antigiardial immunity. Immune-dependent hypermotility
operates in host defense against other enteric parasites, par-
ticularly helminths. For example, eradication of the round-
worm Trichinella spiralis, which spends a significant portion of
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its life cycle in the small intestine, is highly correlated with
enhanced intestinal motility (4, 23). Likewise, expulsion of the
hookworm Nippostrongylus brasiliensis in rats is accompanied
by small-intestinal hypermotility, suggesting a role in host de-
fense against this helminth (7). Common to all these enteric
pathogens is their primary, if not exclusive, localization in the
intestinal lumen. Viewed anatomically, this site of infection is
located outside the epithelium-lined body proper and hence is
not readily accessible to many immune effector cells and mol-
ecules, such as neutrophils or complement, which operate ef-
fectively within the body. In fact, effective antimicrobial de-
fense in the intestinal lumen poses a special challenge to the
host, which has a limited repertoire of defenses at this site. Of
these, secretory IgA is regarded commonly as a prime luminal
defense mechanism, but its actual importance in giardial clear-
ance appears to be variable and may depend on poorly defined
host and parasite factors (6, 9, 18). Our data and prior work
with helminths (4, 23) indicate that intestinal hypermotility is
another important defense mechanism against colonization of
the intestinal lumen.

Immune-dependent hypermotility may provide a mechanis-
tic explanation for the diarrhea associated with giardiasis, as
noted in prior reports (5, 15). In principle, diarrhea can be
caused by decreased fluid absorption or increased secretion or
a combination of these two mechanisms. Little evidence exists
for enhanced ion and fluid secretion in giardiasis, leaving im-
paired fluid absorption as the likely cause. Shortened contact
time with luminal fluids, which may be ingested or derived
from gastric or pancreatic secretions, would be expected to
compromise the effectiveness of ion transport across the epi-
thelium, particularly when hypermotility is combined with the
reported loss of absorptive epithelial surfaces (16). It must be
noted, however, that mice do not exhibit frank diarrhea upon
Giardia infection. Nonetheless, it is possible that an intestinal
fluid imbalance occurs in both human and animal hosts and
that it remains compensated in mice but not in humans. If
hypermotility indeed contributes to the pathogenesis of diar-
rhea, our finding that SCID mice failed to exhibit Giardia-
induced hypermotility would imply that patients with cellular
immunodeficiencies associated with increased susceptibility to
Giardia infections (e.g., chronic variable immunodeficiency)
may be less likely to develop infection-associated diarrhea.
Furthermore, our results suggest that caution is indicated when
considering the use of intestinal motility inhibitors in the treat-
ment of Giardia-induced diarrhea (1), as such treatment may
prolong the underlying infection.

This work was supported by NIH grants DK35108 and RR17030.
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